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2. REPORT DATE 3. REPORT TYPE AND DATES COVERED We proposed to identify, by using a novel phage display technique, carbohydrate-binding proteins (lectins), which may play an important role in progression and metastasis of breast cancer. Using blood-group H-expressing glycoprotein fraction as a bait, we observed selective amplification from a HeLa cell transformant phage display cDNA library of phage clones expressing sequences from galectin-3, a lectin with an affinity with the blood-group substance. We then constructed additional libraries including MCF-7 human breast carcinoma and EJG bovine capillary endothelial cell libraries. We have performed in vitro biopanning experiments using purified fractions of glycoproteins and glycolipids as baits and obtained several dozens of candidate phage clones. However, except for galectin-3, none of these candidates contained cDNA sequences encoding the same proteins. In vivo biopanning was performed using cultured EJG cells as bait. PCR amplification of the inserts from the phage lysates produced a smear of fragments rather than discrete bands even after the fifth/sixth round of selections, indicating that the numbers of clones in the selected populations were still large. We will identify the clones of interest to pursue and characterize those clones in the second year. 
I

TABLE OF CONTENTS
F
INTRODUCTION
One major function of the carbohydrates in glycoproteins and glycolipids is to present information in the form of three-dimensional structures. The information in oligosaccharide structures is decoded through the binding of carbohydrate recognizing proteins called lectins. Involvement of lectins in diverse biological phenomena, from intracellular routing of glycoproteins to cell-cell adhesion and phagocytosis, has been reported (1) . Especially significant is the progress made in elucidating the role of selectins, a subgroup of C-type lectins, in inflammation (2) (3) (4) . Under physiological flow conditions, leukocytes interact with activated vascular endothelium through leukocyte rolling, followed by firm adhesion, spreading, and extravasation. Selectins, which bind to oligosaccharide structures called sialyl Lex and sialyl Lea, were shown to participate in the rolling process. Since both leukocytes and tumor cells, in particular carcinomas and leukemias, express these oligosaccharides on their cell surface, it was postulated that tumor cells might use selectin-carbohydrate interaction during metastasis. Although limited, existing experimental data support this hypothesis. Carbohydrate-protein interactions are not restricted to selectins. Other lectins may be used by tumor cells when interacting with carbohydrates, and these lectins may also play an important role in progression and metastasis. A significant difference was observed in the degree of glycosylation of the mucin, as well as in the N-glycosylation pattern of glycoproteins between normal and cancer breast cells (5) (6) (7) (8) . Therefore, to explore that possibility breast cancer was chosen as the prime target of our study.
The primary goal of this proposal is to identify lectins that are either produced by breast cancer cells or that are capable of binding to cell surface carbohydrate structures of the breast cancer cells. In order to identify these lectins we chose to employ a powerful technique known as phage display (9-12). Use of the recently introduced T7 phage system allowed us to express proteins up to 1200 amino acids, which might be sufficient to contain the carbohydrate-recognition domain (CRD) of lectins.
BODY
Task 0. To prove the feasibility of phage display strategy in cloning cDNA encoding proteins with carbohydrate-binding property From our preliminary experiments with a HeLa cell phage display cDNA library and an isolated blood group H-specific glycoprotein fraction, we obtained results suggesting the possible utility of the phage display strategy in identifying carbohydrate binding proteins in vitro. By using this glycoprotein fraction as bait, amplification from the library of several phage clones expressing sequences (13-16) from galectin-3 was observed. Galectin-3 is a member of S-type lectins (17-19), and an affinity with the blood-group substance has been reported (19, 20) . Before expanding our research to breast cancer, we proved that amplification of galectin-3 phage display clones by in vitro biopanning was not incidental but rather selective. Southern hybridization as well as plaque hybridization was used to prove the selectivity. Results from this portion of work have been published (Yamamoto, The list of glycolipids and glycoproteins used for in vitro biopanning are as follows.
Glycoproteins:
Blood group H-expressing mucin fraction from gastric mucosa, al-Acid Glycoprotein from human serum, Fibrinogen from human plasma, extracellular matrix glycoprotein fraction of zonae pellucida from porcine ovary, and sialyl Lewis x-BSA
Glycolipids:
Trihexosylceramide (CTH), Asialoganglioside-GM1, Asialoganglioside-GM2, Monosialoganglioside-GM1, Monosialoganglioside-GM2, and Monosialoganglioside-GM3 MaxiSorp 96-well plates were coated with glycoproteins and used for binding selections. Some glycolipids were coated onto 96-well PolySorp plates while other charged glycolipids were spotted onto a polyvinylidene difluoride (PVDF) membrane (21). In vitro biopanning After the fifth or fourth round of in vitro biopanning, PCR amplification of cDNA inserts was performed and the PCR products were analyzed by agarose gel electrophoresis. Several discrete bands were observed from each selection, and the selections were repeated using this variety of glycoproteins and glycolipids as baits. These bands were excised from the gel, DNA was gel-purified, and the nucleotide sequences of the cDNA inserts were determined directly or after cloning into the plasmid vector. So far, nucleotide sequences of 89 bands were determined ( Table 2 ). Homology search was performed using the BLAST program. Unexpectedly however, none of the phages contained the cDNA sequences encoding the same proteins except that some clones encoding galectin-3 were obtained when blood group glycoprotein was used as bait. Therefore, specific binding has not yet been proven for any candidate clones.
In vivo biopanning Different from the above-mentioned in vitro biopanning experiments, no discrete bands were observed after the sixth round of selection. Apparently many phage clones bound to the cell surface (and/or cell culture plate substratum). We next examined whether phages could be further screened based on stimulatory/inhibitory activity on cell growth. For this purpose, 6x48 clones (may not be completely independent) were randomly selected from the fifth/sixth rounds of EJG cell selections and infected to the host bacteria. Phage lysates were then added onto the EJG cell culture in 24-well dishes in duplicate. After 72 hours of incubation, cell growth was monitored by MTT assay (22) . Three clones each showing the highest or the lowest values in duplicate MTT experiments were selected out of the respective set of 48 clones. Therefore, a total of 36 clones were further analyzed in the second round of MTT assays. We anticipated that those phage clones would exhibit the same tendency as observed in the first round forming two separate populations (one with stimulatory activity and the other with inhibitory activity on EJG cell growth). Disappointing results were obtained. Some of the clones previously identified to enhance the cell growth in the first round of selection turned out to repress the growth in the second round, and vice versa. We went on the next screening hoping to identify several true candidates out of incidentally selected clones, but the third selection was not successful either. Again, no separation between growth stimulatory clones and growth inhibitory clones was observed. Results were random and not reproducible. Considering that the phage titers were approximately 5x10 7 pfu/gl and 500 pi of lysate was added to a 2ml of cell culture, the concentrations of the fusion proteins (5x10 x 500 molecules/2.5ml = 10 molecules/I = 10 13 /6.02x10 mol/I = 17 xl0-12 mol/I = 17pM) may have not been sufficient to induce growth changes.
In order to achieve higher concentration of fusion proteins, transfer of the cDNA inserts from phage display vector to a eukaryotic expression vector may be necessary. We sequenced 72 phage clones from the population selected with EJG cells as bait, and they are listed in Table 2 .
Task 3. To characterize the identified genes and their gene expression *Performing Northern hybridization and/or RT-PCR to determine the mRNA level using RNA from normal and tumor breast cell lines, and performing Southern hybridization using DNA from normal and tumor breast cell lines
We have not yet identified candidate clones interesting enough to pursue further. Once those candidates are identified, we will characterize those genes in detail.
KEY RESEARCH ACCOMPLISHMENTS
" Demonstration of the feasibility of the phage display technique to clone cDNA of carbohydrate-binding protein " Isolation and identification of phage display clones which bind to the purified glycoproteins and glycolipids
REPORTABLE OUTCOMES
A manuscript was submitted to, accepted by, and published in Biochem. Biophys. Res. Commu. reporting the feasibility of phage display approach to clone cDNA encoding carbohydrate-binding protein.
CONCLUSIONS
Although we could prove the feasibility of the phage display technique to clone carbohydrate-binding proteins, we have not succeeded in identifying previously unrecognized lectin molecules. In vitro biopanning produced many candidates, however, none of these clones came from the cDNA encoding the same proteins except for galectin-3. Therefore, it will be necessary to narrow down the number of candidates. Results from in vivo biopannning suggested the necessity of functional analysis.
antibodies against the sialyl-Lewis a and sialyl-Lewis x epitopes in the circulation of breastcancer patients. Int J Cancer, 1996. 66: 617-23. 8 The number of the independent clones and the titers of the amplified libraries are shown. Abbreviation for the phage display cDNA libraries are as follows. M: MCF-7, P: PC-3, H: HeLa transfectant, E: EJG, Li: Liver, and Ly: Lymph node. Frame of the codons and orientation of the cDNA inserts varied. Therefore, it should be noted that homology in the nucleotide sequence does not necessarily implicate homology in the amino acid sequence. cloned. These proteins all exhibited similar structures Cell surface complex carbohydrate structures that containing a carbohydrate-recognition domain (CRD), are synthesized through the actions of glycosyltrans-therefore, they were collectively named selectins. Seferases play an important role in cell-to-cell and cell-lectins were later shown to bind to oligosaccharides to-extracellular matrix interactions. To examine the with certain structures represented by sialyl Lex (4-6). feasibility of phage display technique to clone cDNAs This oligosaccharide-selectin interaction plays an iniencoding glycosyltransferases, we performed biopan-tial role (rolling effect) in the adhesion of leukocytes to ning experiments using human histo-blood group A the endothelial cells (7, 8) . Some carcinomas and leutransferase as a model enzyme and its substrate, blood kemias exhibit abundant sialyl Lex expression on their group H-specific glycoproteins, as a bait ligand. Our cell surfaces and use the same binding mechanism for attempts have been unsuccessful, possibly because of attachment to endothehal cells durng metastasis (9). the enzyme's weak affinity with the target. However, we have selectively enriched several phage clones that A direct correlation between the sialyl Lex expression expressed capsid proteins fused with galectin-3, a and prognosis of the patients with colon carcinomas galactose/lactose-specific animal lectin of the galectin was reported (10).
family. These results demonstrate that this novel apIn addition to selectins, cells also use other lectins for proach of phage display is useful in cDNA cloning of interaction with carbohydrates. For example, galecproteins with carbohydrate-binding property. c 1999 tins, members of S-type lectin family (11, 12) , possess Academic Press strong affinity with blood group-specific oligosaccharides (13, 14) . In vitro synthesized human galectin-3 was shown to bind to the desialylated glycoprotein asialofetuin and to laminin, a major component of In multicellular organisms, cells are organized in basement membranes (15) . Decreased expression and cooperative assemblies. Each cell is surrounded by loss of its nuclear localization during neoplastic proother cells as well as a complex network of extracellu-gression of colon carcinoma were reported (16) . A corlar matrix. Cell surfaces are polymorphic depending on relation was noticed between the message levels of this the cell types as well as on the genotypes of individuals. lectin and metastatic potentials of K-1735 melanoma In addition to the trafficking of nutrients and waste and UV 2237 fibrosarcoma sublines (17). Expression of elimination, cell surfaces are also important for the galectin-1, another member of galectins, on endothelial communication and adhesion. On the outer membrane, cells has been implicated in apoptosis during T-cell complex carbohydrate structures are present as parts development (18). The binding of galectin-1 with of glycoproteins and glycolipids. These carbohydrate devlopmen t appeared o g alein th structures are synthesized in Golgi apparatus through N-glycans on thynocytes appeared to be crucial in this the actions of glycosyltransferases. Alterations in these process. A murine S-type lectin, mGBP, works as an structures have been reported during cellular differen-autocrine negative growth factor (19). tiation as well as transformation to malignancy (1, 2) For the past nine years we continuously studied the In the past several years, the roles of carbohydrates molecular genetic basis of histo-blood group ABO sysin inflammation have been intensively studied (3). tem. ABH(O) antigens are carbohydrate antigens of Genes encoding three adhesion proteins that bind clinical importance in blood transfusion and transplanto neutrophiles/monocytes or endothelial cells were tation medicine. We cloned ABO genes and elucidated the molecular genetic basis of ABO system (20, 21) . A 'To whom correspondence should be addressed. Fax: 619-646-and B alleles encode glycosyltransferases that possess 3173. E-mail: fyamamoto@burnham-inst.org. different donor nucleotide-sugar specificity (22) . A transferase transfers GalNAc (N-acetyl-D-galactosamine) ison WI). After in vitro packaging, a small aliquot was used to titrate residue to the substrate H by alpha 1-->3 glycosidic the library. The remaining library was amplified prior to biopanning. linkage, whereas B transferase transfers D-galactose. Amplified library was also titrated. We used the A transferase as a model enzyme, and
Crude extraction of mucins. The human stomach mucosa of blood examined the feasibility of cDNA cloning of glycosyl-group 0 secretor individuals were used to prepare crude mucin fraction that contained blood group H-specific glycoproteins (31) .
transferases by a novel technique employing phage Mucosa was homogenized, digested with pepsin, and ethanol precipdisplay. domains of antibodies specific to certain antigens (23-room temperature, the wells were washed with PBS. Next, the 25). Phage display peptide libraries made with syn-glycoprotein-coated wells were incubated for 2 hours with 5.3 X 108 thetic oligonucleotides have recently been utilized to phages in Tris-buffered saline (TBS) supplemented with 20 mM identify peptide sequences that interact with a variety MnCI 2 and 0.05% Tween 20, followed by washing with TBS. Then the of bait ligands, such as proteins, peptides, DNAs, overnight culture of BLT 5403 strain of E. coli was added, the wells were incubated for an hour, the contents were transferred into RNAs, and oligonucleotides (26, 27). In addition to the L-Broth supplemented with 50 /kg/ml carbenicillin and additional in vitro selections, their applications have been ex-overnight culture of BLT 5403, and the phages were grown until lysis tended to in vivo selections (28, 29). Surface display occurred. Phage lysate was then diluted. The entire procedures were was also used for epitope mapping (30). Coat protein repeated two more times. gene III of filamentous phage has been commonly used PCR amplification and DNA sequencing. To determine the enfor phage display, but other fusion vectors such as richment effect of biopanning, phage lysates containing selected flagellin gene (fliC) of E. coli and capsid protein gene populations of phages from each round of biopanning were used as templates for PCR amplification. T7 UP and DOWN primers (Nova-10 of T7 phage have become available. While the gen) corresponding to the sequences in the phage vector DNA that C-terminus of the peptide sequence is fused with gene neighbor the inserts were used to amplify cDNA sequences. PCR was III capsid protein in the filamentous phage system performed in 20 /kl of a reaction mixture containing lx PCR buffer (N-terminus of the peptide is linked to pelB leader (10 mM Tris-HC1 (pH 8.3), 50 mM KC1, 2.5 mM MgCl 2 , 0.001% sequence), the N-terminus of peptide sequence fuses Gelatin), 10% DMSO, 250 /.M dNTP mix, 40 pmol each of primers, and 1 units of Taq DNA polymerase (BRL-Life Technologies, Gaithwith gene 10 capsid protein in the T7 system. With this ersburg, MD). Amplified fragments were analyzed through 3% aga-T7 system, it is now possible to produce the phages rose gel electrophoresis, gel purified with GeneClean II Kit (BIO 101, that display protein sequences up to 1200 amino acid Vista, CA), and subjected to DNA sequencing using PRISM Dye residues long.
Terminator Cycle Sequencing Ready Reaction Kit (PE-ABI, Foster City, CA) directly and after T-A cloning into the plasmid vector,
We constructed a phage display cDNA library using pT-Adv (Clontech, Palo Alto, CA).
RNA from cells that stably expressed A transferase,
Probe preparation and hybridization. Plasmid DNA containing and performed biopanning experiments using, as a bait the galectin-3 cDNA sequence was digested with EcoRI. The insert ligand, crude mucin fraction containing blood group DNA was gel-purified after 3% agarose gel electrophoresis. Random H-specific glycoproteins. So far no enrichment of the hexamer labeling method was employed to radiolabel the fragment phages that expressed A transferase fusion protein has using 32 P-dCTP (NEN-Dupont, Boston, MA) and Random Primed been obtained. Unexpectedly, however, selective aug-DNA Labeling Kit (Boehringer-Mannheim, Indianapolis, IN). PCRamplified DNA from the selected populations of phages analyzed mentation was observed of the phages that expressed through agarose gel electrophoresis as above was denatured, neuthe fusion proteins with galectin-3, a soluble 3-galac-tralized, Southern-transferred onto a Nylon membrane, and UV toside-binding (S-type) lectin. Because of this lectin's cross-linked. Approximately 500 phages were plated from each seknown affinity with the blood group-specific oligosac-lection, plaque-transferred onto Nylon membranes and processed. charides (13, 14) , these results demonstrated, for the These membrane filters were hybridized overnight with the galectin-3 cDNA probe in Pipes buffer (40 mM Pipes (pH 6.4), 1 mM first time, that the phage display was successful in EDTA (pH 8.0). 0.4 M NaCl) with 80% formamide and 1% SDS at cloning cDNAs encoding a protein with binding capac-42°C. The filters were then washed and exposed to the X-ray film. ity to carbohydrates.
RESULTS EXPERIMENTAL PROCEDURES
We constructed a HeLa cell transformant phage dis- showed no signs of enrichment (data not shown). Then we examined whether certain populations of phages might be enriched during these biopanning procedures.
Using the heat-denatured phage lysate as a template for PCR, we amplified cDNA inserts from the selected populations of phages, and observed enrichment of certain phages as judged by the increased band intensity through the rounds of selections. Enrichment was observed irrespective of the target concentrations (Fig. 1A) . A single major band was am- (B) plified from the phage population obtained after three rounds of selections with 50 gg of the target ligand. When 5 ttg and 500 ng of targets were used, three and two major bands were amplified, respectively. Enrichment was also seen with the phage populations selected with lesser concentrations of the targets. Nucleotide sequences of these PCR-amplified bands were determined by direct sequencing as well as after cloning into a plasmid vector. Surprisingly, several of these display approach to clone glycosyltransferase cDNAs.
232
For an RNA source, we used HeLa cell transformant 
FIG. 3.
Hybridization of phage plaques with a galectin-3 probe. Phages from selections were plated at approximately 500 plaques per plate. After plaque-transfer onto Nylon membrane, the membranes were hybridized with the galectin-3 probe. affinity with IgE (33). Human galectin-3 possesses an tively) were hybridized with the probe. Lysates, conopen reading frame of 750 base pairs encoding a 250-taining selected populations of phages, were plated at a amino-acid protein. The N-terminal 41 amino acids are density of approximately 500 phages per plate. DNA homologous to a serum response transcription factor, and was transferred onto Nylon membranes, and these the adjacent sequence (aa 42-106) contains the repetitive membranes were used for the plaque hybridization proline-glycine-rich motif. The C-terminal domain con-with the galectin-3 probe. Results from the plaque hytains CRD, a sequence motif shared by other S-type lec-bridization experiments are shown in Fig. 3 . The numtins. This domain is responsible for the binding, and is bers of the hybridized plaques were counted, enrichwell conserved among different species of mammals (34). ment factors were calculated, and the results are Although all S-type lectins bind 0-galactoside, the speci-shown in Table 1 . These two hybridization experiments ficity of each lectin seems to be unique (13, 35) . Our clearly demonstrated the selective amplification of results confirmed the ability of galectin-3 to bind the phages that expressed galectin-3 structures. The reblood group structures (13, 14) .
sults also showed that the selection was target concenWe examined the selective enrichment of phages tration dependent. Although the enrichment was obexpressing galectin-3 fusion proteins during biopan-served even when the bait ligand was used in lower ning by two methods; the Southern hybridization and concentrations, the sequences from the enriched the plaque hybridization. DNA was transferred from phages were not related to the galectin-3 sequence. the agarose gel, shown in Fig. 1A , onto a Nylon membrane, and the membrane was hybridized with a radio-DISCUSSION labeled galectin-3 cDNA probe. The result is shown in Fig. 1B . Five bands (one, three, and one from selections
We obtained the results that demonstrate the feasiwith 50 [tg, 5 gg, and 500 ng of target ligand, respec-bility of phage display technology for the purposes of from lungs to the homogeneity through several steps of procedures including Triton X-100 extraction, Sepharose 4B (UDP) chromatography, cation-exchange chrodetecting carbohydrate-protein interaction and cloning matography, and reverse phase chromatography (36). phage particles displaying fusion proteins with carbo-Because we were unsure whether the phages would hydrate affinity. The experiments were originally in-tolerate these procedures and because we had crude tended to evaluate the capability of cloning cDNAs mucin fraction with blood group H activity, we took a encoding glycosyltransferases using this novel technol-shortcut approach by utilizing the affinity of the enogy. We examined whether the phages that expressed zyme to the substrate. Chromatographic steps similar A transferase fusion protein could be enriched by serial to some of those used in enzyme purification may be rounds of biopannings to the target containing blood applied to isolate the phages displaying A transferase. group H-specific oligosaccharide structures, the sub-Use of high copy number display T7Select 415b Vector strates for this enzyme. Rather than A transferase, we may increase the valence and enhance the phage's observed enrichment of phages that expressed affinity with the ligand. This vector, however, can only galectin-3 fusion proteins after the selections with rel-incorporate a maximum of 39 amino acids, which may atively higher concentrations of target. This enrich-be insufficient to code for CRD when taking into acment was specific, without doubt, because multiple count the general belief that about 100 amino acid number of phage clones containing different portions of residues are necessary to form a self-contained sugarthe galectin-3 were obtained. Enrichment was also observed with lower concentrations of target, however, it binding site (12) . Future success of cloning glycosylremains to be resolved whether or not the enrichment transferase cDNAs by phage display, therefore, may was meaningful because multiple numbers of clones heavily depend on the development of new vectors that was eanngfl bcaue mltipe nmbes o clnesdisplay multiple copies of long protein sequences. containing different portions of the identical sequences d ispay e copies olog in se nes. werenotobtine in hes caes.Lectins are involved in pathological as well as physwere not obtained in these cases.
Enrichment of phages that express galectin-3 was iological phenomena, and may also play an important unexpected. However, considering the reported strong role in progression and metastasis of cancer. We have affinity of certain S-type lectins to the blood group shown that this novel approach of phage display is structures, this may not be astonishing. Nonetheless, useful in identifying proteins with carbohydratethe phage display cDNA cloning was shown to be suc-binding properties. Using this technique, new types of cessful in targeting at the proteins with carbohydrate lectins, if any, may be identified, CRD epitopes may be affinity. The same approach may be useful to clone mapped, and our understanding of the structures and cDNAs that encode other carbohydrate-binding pro-functions of these molecules involved in carbohydrateteins, using the appropriate target ligands for selec-protein interactions may be greatly advanced.
